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SECURITY POLICIES IN TRUSTED 
OPERATING SYSTEM 

PRIORITY CLAIM 

This application is a divisional application of and claims 
priority from US. patent application Ser. No. 10/462,771 
?led Jun. 17, 2003, Which is hereby incorporated by reference 
in its entirety, Which claims priority from Provisional US. 
Patent Application Ser. No. 60/388,738, ?led Jun. 17, 2002, 
Which is hereby incorporated by reference in its entirety. 

COPYRIGHT NOTIFICATION 

This application includes material Which is subject to 
copyright protection. The copyright oWner has no objection to 
the facsimile reproduction by anyone of the patent disclosure, 
as it appears in the Patent and Trademark O?ice ?les or 
records, but otherWise reserves all copyright rights Whatso 
ever. 

FIELD OF THE INVENTION 

The present invention relates to the ?eld of trusted com 
puting systems. 

BACKGROUND OF THE INVENTION 

The XTS-300TM Trusted Computer System, most recently 
manufactured by Getronics Government Solutions, LLC of 
Hemdon, Va., has long been the only National Security 
Agency (N SA) evaluated high-assurance general-purpose 
computer system. Through careful design, the XTS-300 has 
been evaluated at the Class B3 level by the NSA according to 
its Trusted Computer System Evaluation Criteria (TCSEC), 
the teachings of Which are incorporated herein by reference in 
their entirety. The B3 rating is proof that the system provides 
a very high level of security functionality. FIG. 1 provides a 
high-level overvieW of the requirements to achieve various 
TCSEC security classi?cation levels. The TCSEC is also 
knoWn more formally as the United States Department of 
Defense Standard Number 5200.28-STD, and is often collo 
quially referred to as the “Orange Book”. 

Because of the high level of security functionality provided 
by the XTS-300, it has provided defense, intelligence, diplo 
matic, laW enforcement, and other communities With an 
extremely secure system running on the latest generation of 
Intel server-class hardWare. In addition, the XTS-300 lever 
ages its commodity hardWare architecture to take advantage 
of frequent hardWare advances in the Intel® x86 hardWare 
base and in the SCSI subsystem. 

The XTS-300 is used as a platform upon Which applica 
tions are built that ?lter data and enforce security policies. 
Filtering is a process Which alloWs rules-based inspection and 
selection criteria to be applied to a variety of data, thus alloW 
ing approved data, Where appropriate, to safely pass from one 
security classi?ed level to another security classi?ed level. 
Many of these programs have been called “Guards” because 
they guard one netWork from another using hardWare 
enforced protections of the XTS-300 While still alloWing 
selected data to How through carefully architected and fully 
accredited logic paths betWeen netWorks of differing levels. 
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2 
While the XTS-300 has been successful, the number and 

nature of the computer softWare programs Which can be run 
on the XTS-300 is limited by its operating system. 

SUMMARY OF THE INVENTION 

Accordingly, a preferred embodiment of the present inven 
tion is directed to a system and method that substantially 
obviates one or more of the problems due to limitations and 
disadvantages of the related art. 

It is an object of the present invention to create a trusted 
operating system comprising an application domain, in Which 
trusted and untrusted applications can be executed; an oper 
ating system services layer, Wherein the operating system 
services layer provides interfaces alloWing applications Writ 
ten for at least one other operating system to be run in the 
trusted operating system, Whereby the operating system ser 
vices layer emulates the at least one other operating systems; 
a trusted system services layer; and a security kernel, for 
enforcing system security policy and integrity rules, and for 
providing basic operating system services, including facili 
tating user and administrator actions. 

It is another object of the present invention to create a 
trusted computer system comprising at least one processor, 
Wherein each of the at least one processors supports a multi 
domain architecture; at least one terminal, for facilitating 
operation of the trusted computer system; at least one data 
storage unit; at least one memory unit; and a secure operating 
system running on the trusted computing system, Wherein the 
secure operating system utiliZes the multi-domain architec 
ture of the at least one processor to enforce process isolation. 

It is yet another object of the present invention to provide a 
security policy enhancement system, comprising at least one 
processor, Wherein at least one of the at least one processors 
implements a multi-domain architecture; at least one Random 
Access Memory unit; a secure operating system, Wherein the 
secure operating system operates at least tWo different secu 
rity classi?cation levels, With data existing in each of the 
security classi?cation levels; and, at least one data security 
veri?cation means, Wherein the data security veri?cation 
means performs security checks on the content of data to 
determine if the data can be transferred by the secure operat 
ing system from one classi?cation level to another. 

It is still another object of the present invention to provide 
a trusted operating system Which emulates another operating 
system by alloWing an application program Written for the 
other operating system to execute on the trusted operating 
system Without requiring changes to the application program. 
Another object of the present invention is to create a trusted 

operating system, capable of concurrently running a plurality 
of processes, Which provides a subtype mechanism Wherein 
the subtype mechanism alloWs additional access control dif 
ferentiation beyond mandatory and discretionary access. 

Yet another object of the present invention is to implement 
a trusted operating system Wherein four separate policies are 
enforced Whenever any process attempts to access any ?le 
system object, the policies comprising a Mandatory Security 
Policy; a Mandatory Integrity Policy; a Discretionary Access 
Control Policy; and a Subtype Policy. 

Still another object of the present invention is to create a 
trusted operating system Which prevents a ?rst process from 
learning about the existence or status of a second higher 
classi?ed process by limiting the number and speed of covert 
storage channels. 

Additional features and advantages of the invention are set 
forth in the description Which folloWs, and in part Will be 
apparent from the description, or may be learned by practice 
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of the invention. The objectives and other advantages of the 
invention Will be realized and attained by the structure par 
ticularly pointed out in the Written description and claims 
hereof as Well as the appended draWings. 

The present invention is preferably a general-purpose com 
puting system in that it can be used for a Wide range of 
applications, from multi-user Workstation to trusted guard to 
trusted server. Although a preferred embodiment of the 
present invention leverages some of the hardWare architecture 
and operating system kernel design techniques used in the 
XTS-300, the preferred embodiment of the present invention 
described herein has been rearchitected to add support for 
contemporary hardWare and a robust set of Linux® Applica 
tion Programming Interfaces (APIs) and Application Binary 
Interfaces (ABIs) so that the thousands of programs and com 
mands Written for Linux, in their binary form and Without 
porting or recompilation, can be copied and run under the 
protection of the security architecture implemented in a pre 
ferred embodiment of the present invention. Thus, a preferred 
embodiment of the present invention provides an emulated 
open source environment Where ultra-secure functions can be 
performed in a trusted manner. 

In addition, a preferred embodiment of the present inven 
tion alloWs other, trusted programs to access APIs unique to 
the present invention, thereby providing access to and, in 
certain situations, control over some or all security aspects of 
a preferred embodiment of the present invention. While pro 
viding ABI/API compatibility With Linux (i.e. emulating 
Linux), the present invention is Wholly a creation of the 
inventors and assignee hereto and uses no Linux kernel code. 
It is therefore a highly secure, Linux-compatible environment 
enjoying both the freedom to run open source applications 
and the security associated With a guarded, proprietary sys 
tem. 

A preferred embodiment of the present invention employs 
an operating system called the Secure Trusted Operating Pro 
gram (STOPTM). Unlike earlier approaches, a preferred 
embodiment of the present invention is architected to support 
LinuxABIs/APIs and security enforcingAPIs and commands 
that are unique. This preferably alloWs the present invention 
to provide unparalleled security While also permitting the 
present invention to run more standard, commercially avail 
able applications Without the need for substantial modi?ca 
tions. 
A preferred embodiment of the present invention provides 

multilevel secure Trusted Security Functions (TSFs), Which 
are to the Common Criteria for Information Technology 
Security Evaluation approximately What Trusted Computing 
Base (TCB) Was to the TCSEC, that alloW simultaneous 
processing and storage of data at different classi?cations or 
sensitivities and needs-to-knoW (categories/compartments) 
by users With different clearances and needs -to -knoW. Unlike 
systems Which operate in system-high mode, Which is typi 
cally de?ned as a security mode of operation Wherein each 
user, With direct or indirect access to a speci?c information 
system, its peripherals, remote terminals, or remote hosts, has 
all of the folloWing: (a) valid security clearance for all infor 
mation Within the information system; (b) formal access 
approval and signed nondisclosure agreements for all the 
information stored and/or processed (including all compart 
ments, subcompartments and/or special access programs); 
and (c) valid need-to-knoW for some of the information con 
tained Within the information system, a preferred embodi 
ment of the present invention can eliminate arbitrary over 
classifying of data. 
A preferred embodiment of the present invention is 

designed for high robustness and/ or high risk environments, 
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4 
Which implies not only incorporation of particular security 
features, but a very high level of assurance. This level of 
assurance alloWs a preferred embodiment of the present 
invention to be accredited to handle data at a Wide range of 
sensitivities (e.g., classi?cation levels) in a Wide range of 
operational environments. The present invention is designed 
to provide a high level of security While running many kinds 
of applications, including specialiZed applications such as 
netWork guards or ?lters for handling the semi- or fully auto 
matic doWngrading and/ or down How of information. 

It is to be understood that both the foregoing general 
description and the folloWing detailed description are exem 
plary and explanatory and are intended to provide further 
explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying draWings, Which are included to pro 
vide a further understanding of the invention and are incor 
porated in and constitute a part of this speci?cation, illustrate 
embodiments of the invention and together With the descrip 
tion serve to explain the principles of the invention. 

In the draWings: 
FIG. 1 is a table providing a high-level overvieW of the 

requirements to achieve the various TCSEC security classi 
?cation levels. 

FIG. 2 is a table illustrating the minimum TCSEC rating a 
system should have to alloW users Within a given range of 
authoriZations to access data Within a given range of classi 
?cations. 

FIG. 3 is a block diagram illustrating the four domain 
architecture employed in a preferred embodiment of the 
present invention. 

FIG. 4 is a table providing a presently preferred hardWare 
speci?cation for a computer system used as part of a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Reference Will noW be made in detail to preferred embodi 
ments of the present invention, examples of Which are illus 
trated in the accompanying draWings. 
The operating system component of a preferred embodi 

ment of the present invention is a multiprogramming operat 
ing system that can support terminal connections for multiple 
users. In a presently preferred embodiment, up to 200 pro 
cesses can run concurrently, each With up to four gigabytes of 
virtual memory. The operating system component of the 
present invention also preferably supports Linux APIs and 
can run, in a secure environment, most object or binary pro 
grams compiled on Linux Without requiring modi?cation of 
such object or binary programs. In addition, the present 
invention preferably provides an X-WindoWs graphical user 
interface (GUI) outside the Trusted Security Functions 
(TSF), Which can be made available at a console for Work by 
untrusted users. 

A preferred embodiment of the present invention also per 
mits netWork connectivity by building TCP/IP and Ethernet 
protocols (IOBaseT/lOOBaseT) into the TSF, While also sup 
porting the implementation of netWork servers (e. g., SMTP, 
HTTP, and the like) outside of the TSF. In an embodiment of 
the present invention expected to pass Common Criteria 
evaluation, attachments Within the same netWork must cur 
rently be single-level, While multiple netWorks can each be at 
different levels. 
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A preferred embodiment of the present invention imple 
ments all currently accessible WindoWs on a given display at 
the same security level. Although a preferred embodiment of 
the present invention does not support multi-level cut-and 
paste due to security concerns and possible processor over 
head, it should be appreciated by one skilled in the art that 
such functionality can be implemented Without departing 
from the spirit or the scope of the present invention. A pre 
ferred embodiment of the present invention implements a 
trusted path mechanism, preferably implemented as a Secure 
Attention Key (SAK), for execution of commands at other 
security levels. Such commands are preferably entered 
through a trusted command interface. Initiation of the trusted 
path causes suspension of the GUI, and absolutely isolates the 
trusted command interface from the GUI environment. 
A preferred embodiment of the present invention is based 

around a combination of a multilevel secure operating system 
and a customiZed Intel x86 hardWare base. The operating 
system component of the present invention preferably pro 
vides mandatory access control that alloWs for both a security 
(MAC) and integrity (MIC) policy. The mandatory security 
policy enforced by a preferred embodiment of the present 
invention is re?ective of the Bell and LaPadula security 
model, as described in D. Bell and L. LaPadula; “Secure 
computer systems: Mathematical Foundation,” ESD-TR-73 
278, Vol. 1, Mitre Corp, 1973, the teachings of Which are 
incorporated herein by reference in their entirety. 
Beyond the minimal requirements for a TCSEC B3 or 

Common Criteria system, a preferred embodiment of the 
present invention provides a mandatory integrity policy 
(Which is required by medium- and high-robustness pro?les), 
an extra subtype policy, and a familiar, Linux-like operating 
environment. By Way of example, Without intending to limit 
the present invention, the integrity model of a preferred 
embodiment of the present invention can be used for 
advanced virus protection. The mandatory integrity policy is 
re?ective of the Biba integrity model, as described in Biba, K. 
1., “Integrity considerations for Secure computer Systems”, 
ESD-TR 76-372, MITRE Co., April 1977, the teachings of 
Which are incorporated herein by reference in their entirety. 

In addition to mandatory access control, a preferred 
embodiment of the present invention also implements discre 
tionary access control (DAC) and provides user identi?cation 
and authentication means needed for user ID-based policy 
enforcement. A preferred embodiment of the present inven 
tion provides a policy mechanism, called “subtypes,” Which 
can be used in a customer-speci?c Way in conjunction With 
MAC, MIC, and DAC controls. In this embodiment, each 
device, process, and ?le system object has a subtype attribute. 
Each process has 3 lists of accessible subtypes, one for each 
the aforementioned device, process and ?le system object 
types. In order to access an object of one of those types, a 
process must have the object’s subtype on its oWn subtype 
list. 

These four mechanisms (DAC, MAC, MIC and Subtype) 
can be used in various application designer chosen combina 
tions to restrict or permit access to various data objects, pro 
cesses, devices and the like. A particular ?le, for example, 
might be restricted by a selection of these access controls to 
being changeable only by a process of a certain classi?cation 
but even beyond that, by only a certain group and even by a 
certain user. 

The TSF exhibits several strong architectural characteris 
tics, including: minimiZation, layering, abstraction, and data 
hiding. As used herein, minimiZation refers to an operating 
system design technique Wherein non-critical non-security 
functionality is kept apart from the TSF to reduce overall 
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6 
system complexity. This can alloW humans to successfully 
evaluate complex data processing programs and systems. 
Layering, as used herein, refers to an operating system design 
technique Wherein the TSF employs a modulariZed design 
With “layers” used as an organiZing principle. This provides 
clearly de?ned interfaces, individual layer testing, facilitates 
a locking hierarchy, and points out the layers of data ab strac 
tion, as data Which is more abstract Would be at higher layers. 
Abstraction, as used herein, refers to an operating system 
design technique Wherein more complex data structures are 
built from less complicated ones. Abstraction is used to hide 
unneeded or undesired details Which may be appropriate at 
one layer of the Operating System from processes or modules 
Which operate Within a higher layer. Data hiding, as used 
herein, refers to an operating system design technique 
Wherein the scope of data is minimiZed. Data Which is hidden 
is visible to only those modules for Which visibility is neces 
sary. Data hiding is used to force the use of abstraction. The 
TSF makes use of hardWare features to provide process sepa 
ration and TSF isolation and has been designed and imple 
mented to resist penetration. The system design is based on a 
formal security model and other high-level design documen 
tation. 

Unlike mo st modern operating systems, the operating sys 
tem component of the present invention has preferably been 
architected around security. Thus, every level of the system, 
including each database, application, user, terminal, and pro 
cess, has a level of security associated With it. As illustrated in 
FIG. 3, the operating system portion of a preferred embodi 
ment of the present invention utiliZes an architecture referred 
to as “rings of isolation” (also referred to as “domains”), in 
Which the inner rings cooperate to provide security function 
ality, and the outer rings depend on the inner rings for proper 
functioning. 
The multi-domain architecture illustrated in FIG. 3 pre 

vents terminals from simultaneously connecting to processes 
at different MAC levels. To connect to a process With a dif 
ferent level, a user must ?rst disconnect, or the operating 
system must disconnect the user, from any processes cur 
rently running. The operating system is essentially tamper 
proof due to this domain architecture and process isolation. In 
fact, a preferred embodiment of the present invention is so 
secure that even processes are restricted by domain privi 
leges, and are alloWed to send messages only to those other 
processes that have the same or lesser domain privileges. All 
of these conventions are enforced Within the system itself. By 
Way of example, Without intending to limit the present inven 
tion, Domain 0 of FIG. 3, Which represents the Security 
Kernel and Which operates at the system’s highest level of 
security, is inaccessible by users. Input/ Output device drivers 
reside at this level, thereby preventing unauthorized access to 
the device drivers. 

In addition to enforcing security using the domain archi 
tecture described above, a preferred embodiment of the 
present invention further separates administrator and operator 
roles using an integrity policy. The system enforces the “prin 
ciple of least privilege” (i.e., users should have no more 
authoriZation than that required to perform their functions) 
for administrator and operator roles. All actions performed by 
privileged (and normal) users can be audited. The audit log is 
protected from modi?cation using integrity and subtype 
mechanisms. 
The operating system component of a preferred embodi 

ment of the present invention also provides an alarm mecha 
nism to detect any accumulation of events that indicate an 
imminent violation of the security policy, such as a series of 
unsuccessful logins or inaccurate passWords. Individual 
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accountability is provided With an auditing capability. Data 
scavenging is prevented through object reuse (i.e., residual 
data) prevention mechanisms. 

The multilevel security features of a preferred embodiment 
of the present invention’s TSF enforce trusted labeling, a 
mandatory access control policy, and a mandatory integrity 
control policy that enable the system to alloW users With 
different clearances and needs-to-knoW to simultaneously 
store and process information that exists at different classi? 
cation levels or sensitivities and/ or in different need-to-knoW 
categories or compartments. Authorized users can process 
information at its actual sensitivity level, helping to eliminate 
the arbitrary over-classi?cation of information that often 
occurs in system-high operations. 

With respect to an embodiment of the present invention 
deployed or evaluated using the Common Criteria, the present 
invention is preferably designed to meet EAL5 assurance 
requirements, With portions of the EAL6 and EAL7 require 
ments also met. For the most part, these EAL requirements 
are similar to the Orange Book (i.e., TCSEC) B3 assurance 
requirements. The security functionality required for B3 is 
preferably achieved, but the exact set of functional require 
ments met by a preferred embodiment of the present inven 
tion Will depend on the protection pro?les put forWard by 
customers. 

As illustrated in FIG. 1, a system that is rated as a Class B3 
system provides a TCB/TSF that provides the security fea 
tures required by the TCSEC. The NCSC’s Guidance for 
Applying the DOD TCSEC in Speci?c Environments (knoWn 
as “The YelloW Book”, the teachings of Which are incorpo 
rated herein by reference in their entirety) includes a “Secu 
rity Index Matrix for Open Security Environments”. By Way 
of clari?cation, the terms Open and Closed indicate the strict 
ness of security controls in the system’s development envi 
ronment, not its operational environment. FIG. 2 shoWs the 
minimum TCSEC rating a system should have to alloW users 
Within a given range of authorizations to access data Within a 
given range of classi?cations. 

The Wider the range of classi?cations, the higher the rating 
the system needs to assure it Will protect data. Class Bl 
systems (e.g., compartmented-mode Workstations) provide 
too little assurance for many multilevel processing scenarios 
in Which data ranges from Unclassi?ed to Secret, or from 
Secret to Top Secret/SCI compartmented. 
The operating system component of the present invention 

preferably comprises a Trusted Computing Base (TCB) and 
Trusted Security Functions (TSP), Which enforce security 
policy, and untrusted commands, Which generally provide 
user interfaces familiar to Unix and/ or Linux users. 

A preferred embodiment of the present invention leverages 
the Pentium® or XeonTM CPU’s four-domain chip architec 
ture to reinforce the operating system component’s manda 
tory security and integrity access control policies by physi 
cally isolating security domains in hardWare, thereby 
preventing system processes from tampering With each other. 
The multi-domain CPU architecture restricts access to seg 
ments, pages, and instructions. As illustrated in FIG. 3, there 
are four levels: Domain 0 to Domain 3, With Domain 0 being 
the most privileged level. The CPU also provides multiple 
checks for protection violations Within memory references. 
As illustrated in FIG. 3, non-TSF processes and TSF pro 

cesses are mapped into the multi-domain CPU architecture in 
the same manner. Both types of processes map to the same 
Domain 0 Kernel, Domain 1 Trusted System Services, and 
Domain 2 Operating System Services. More information on 
the processes in each domain folloWs. 
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Domain 0: Security Kernel 
The most privileged domain, the Security Kernel contains 

most of the Reference Monitor that enforces system security 
policy. Small and Well structured to enable complete security 
evaluation, testing, and veri?cation, the Kernel provides basic 
OS services. Such services include, but are not limited to, 
resource management, process scheduling, interrupt and trap 
handling, auditing, and mandatory and discretionary access 
policy enforcement for processes and device objects. To 
facilitate such enforcement, l/O device drivers preferably 
reside in Domain 0. Domain 0 processes cannot be directly 
called or modi?ed by users. 
Domain 1: Trusted System Services (TSS) 
TSS provides networking, l/O, ?le system management, 

and ?le system object discretionary access policy enforce 
ment for both trusted and untrusted system processes and 
applications. The TSS environment is controlled by the Secu 
rity Kernel, Which enforces mandatory security, mandatory 
integrity, and subtype control on the TSS and all other opera 
tions. Domain 1 processes cannot be directly called or modi 
?ed by users. 
Domain 2: Operating System Services (OSS) 
OSS provides APls expected by applications Written for 

Linux or using Linux tools. OSS also provides proprietary 
APIs to help manage and use trusted aspects of a preferred 
embodiment of the present invention. OSS translates the APIs 
into trusted operating system primitives provided by the Ker 
nel and TSS. OSS also manages some application signals and 
process groups. Due to the security architecture of a preferred 
embodiment of the present invention, applications can inter 
face With only the OSS portion of the TSFithey cannot call 
TSS or the Kernel directly. 
Domain 3: Application Domain 
If a process is running at loW integrity and has no privi 

leges, it is considered untrusted. These untrusted applications 
include the user commands and tools that are familiar to 
Linux/Unix users. Both trusted and untrusted applications 
execute in Domain 3, and can only execute in Domain 3. 

Trusted SoftWare 
Trusted SoftWare includes all security-relevant functions 

that operate as independent services (e.g., a security map 
editor). Some Trusted SoftWare functions may bypass the 
TSF’s mandatory and/or discretionary controls, e.g., to 
enable high-integrity users to establish/modify the ?le system 
hierarchy to accommodate use of high-integrity nodes. 
Trusted SoftWare functions are available to system operators 
and administrators for security-related housekeeping, includ 
ing, but not limited to user registration/removal, passWord 
assignment, system installation/ con?guration, and privileged 
tasks not supported by other operating system components. A 
feW Trusted SoftWare functions, such as application session 
start-up, are available to Domain 3 users. 

Untrusted SoftWare and Runtime Libraries 
Also included as an optional part of a preferred embodi 

ment of the present invention is a SoftWare Development 
Environment that enables developers to Write their oWn 
untrusted applications. Typically, “C” is the programming 
language used for such untrusted applications, although other 
languages and shells supported by Linux could be used. 
Untrusted commands and programs are distributed With the 
operating system for administration of the system. 

Trusted Databases 
A preferred embodiment of the present invention imple 

ments trusted databases Which contain sensitive user and 
group access, session control, and print queue information 
Which is protected from unauthorized modi?cation by 
unprivileged processes. Trusted databases can be manipu 
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lated only by user-developed trusted processes, or trusted 
editors used by system/ security administrators. 

Philosophy of Protection 
To enforce the mandatory access policies that make a pre 

ferred embodiment of the present invention multilevel secure, 
the operating systems component implements a Reference 
Monitor. The Reference Monitor enforces authorized access 
relationships betWeen system subjects such as trusted and 
untrusted processes acting on a user’s behalf to perform 
accesses, or the like, and system objects, such as ?le system 
objects, devices, semaphores, sockets, processes, and the like. 

Trusted system subjects are used mainly for functions that 
manipulate the system’s trusted databases or perform strictly 
controlled circumventions of the TSF’s mandatory and/or 
discretionary access rules. A typical example of a trusted 
process is a Regrader (reclassi?er/relabeller) process in a 
Trusted Guard. Except for those feW processes that must 
update a trusted database or bypass the operating system 
component’ s access controls, untrusted subjects can be relied 
upon to perform most application functions. 

Reference Monitor 
A Reference Monitor compares each attempt by a subject 

to reference, or access, an object against a list of reference 
types (including read, Write, and/or execute) the subject is 
authorized to perform on that object. The Reference Moni 
tor’s access validation mechanism is invoked for every refer 
ence by a subject to an object, thus preventing any unautho 
rized accesses. To ensure its integrity, the Reference 
Monitor’s access control/validation mechanism is pro 
grammed to be tamperproof. The Reference Monitor is 
implemented in the TSF, Which derives from the Intel CPU’ s 
multi-domain isolation mechanisms the absolute separation 
of the Reference Monitor from Domain 2 and Domain 3 
functions and applications running on the system. 
TSF Assurance Mechanisms 
All software processes on the present invention are prefer 

ably isolated from one another by the Security Kernel’s 
enforcement of the Bell-LaPadula security and Biba integrity 
rules. Processes may only access information they dominate, 
and the entire TSF is protected from unauthorized tampering 
via the folloWing mechanisms: 
Domain Isolation 
Domain isolation protects code and data in the Kernel from 

modi?cation by processes in any other Domain and protects 
the code and data in each Domain from modi?cation by 
users/processes in any less privileged Domain. 

Integrity 
The system’s mandatory integrity mechanism sets integ 

rity levels of TSF program ?les, databases, and most trusted 
softWare processes to operator or higher and excludes 
untrusted users (subjects) from the TSF by limiting their 
maximum integrity to less than that of TSF objects. 

Process Isolation 
Trusted Software processes (like most applications) keep 

their Working data in process-local data areas that cannot be 
shared by other processes or accessed by untrusted softWare. 
The Kernel prevents any process from directly accessing 
another process’ program text and local data and prevents 
untrusted processes from modifying trusted processes and 
their data. 

Trusted Path 
In a preferred embodiment, before a terminal can commu 

nicate With the TSF, the operator must press the Secure Atten 
tion Key (SAK), Which temporarily disconnects the terminal 
from any untrusted processor processes. This ensures that the 
user is communicating With the TSF, not With an untrusted 
process spoo?ng a TSF process. Any unlocked terminal used 
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by trusted softWare is protected from untrusted softWare and 
other users’ processes by a terminal-unique device subtype. 
When a user enters the TSF via the secure path, the secure 
server detaches the terrninal’s subtype from all untrusted 
processes associated With the session. Terminal access to 
untrusted processes is restored only after the user explicitly 
exits the trusted environment. 

Subtypes 
Subtypes are used like tokens; to access an object on the 

system, a subject must possess the object subtype for that 
object. The system’s subtype mechanism is used by the Ker 
nel to restrict access to processes, trusted databases, and 
devices. As described above, the primary use of subtypes is to 
provide control over the Trusted Path; When the SAK is 
pressed, the Server changes the subtype of the terminal to 
prevent any untrusted process from accessing it. Subtypes are 
also used by the ?le system management (FSM) process to 
assure that FSM gets exclusive access to the ?le object. When 
it accesses the ?le object, FSM resets the subtype to one to 
Which only FSM has access. After it ?nishes processing the 
?le, FSM resets the ?le to its original subtype. Finally, sub 
types are used to protect the system’s trusted databases, by 
giving only trusted programs the appropriate subtypes needed 
to access the databases. 

Mandatory Security Policy 
Each object in a preferred embodiment of the present 

invention is referenced by a unique identi?er, and has its oWn 
set of access and status information (including subtypes) to 
implement non-hierarchical mandatory access controls based 
on need-to-knoW, and mandatory and discretionary access 
attributes. An obj ect’s mandatory access information 
includes its mandatory security and integrity levels and cat 
egories or compartments; this information provides the basis 
on Which the Kernel makes mandatory access control deci 
sions related to the object. 

Subjects in a preferred embodiment of the present inven 
tion can only reference objects according to the NCSC-ap 
proved Bell-LaPadula formal mathematical model of com 
puter security policy. This policy is implemented by a set of 
security rules designed to protect data from unauthorized 
access. Brie?y, the mathematical model operates as folloWs: 

Simple Security: Subject may read or execute object only 
When subject’s security level dominates objects. 

Security*Property: Subject may Write object only When 
obj ect’s security level dominates subjects. The present inven 
tion’s Security*Property implementation preferably alloWs 
subject to Write object only When subject and object are at the 
same security level. This prevents loWer level subjects from 
Writing higher-level objects they cannot later access. 
A preferred embodiment of the present invention supports 

16 hierarchical security classi?cations and 64 independent 
non-hierarchical “need-to-knoW” security categories/com 
partments. 

Mandatory Integrity Policy 
A preferred embodiment of the present invention enforces 

K. J. Biba’s integrity policy, a corollary to the Bell-LaPadula 
model, Which enforces the system’s mandatory integrity 
rules. Just as the system’s mandatory security rules protect 
information from unauthorized disclosure, the system’ s man 
datory integrity rules protect information from unauthorized 
modi?cation. 
The system’s mandatory integrity policy enables the secu 

rity administrator or developer to establish highly protected 
execution domains in Which executables may read the ?les 
they need While those ?les remain protected from modi?ca 
tion by unauthorized logic or malicious code. A preferred 
embodiment of the present invention presently supports 8 
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hierarchical role-based integrity classi?cations and 16 inde 
pendent non-hierarchical need to-knoW integrity categories/ 
compartments. Brie?y, the integrity model operates as fol 
loWs: 

Simple Integrity: Subject may read or execute object (e.g., 
data ?le) only When object’s integrity level dominates sub 
jects. 

Integrity*Property: Subject may Write object only When 
subject’s integrity level dominates object’s. The present 
invention’s Integrity*Property preferably alloWs a subject to 
Write an object only When the subject and object integrity 
levels are the same, preventing higher-integrity subjects from 
Writing loWer-integrity objects (Which could be considered 
trustworthy by other software) they cannot later access. 

Discretionary Access Controls 
The present invention preferably enforces a discretionary 

access policy Whereby access to an object is assigned by the 
object’s oWner according to the identity of subj ects associated 
With the object and/or groups to Which those subjects belong. 
An object’ s discretionary access information includes up to at 
least 7 user and group identi?ers (including the object’ s oWn 
ing user and oWning group), and their individual read, Write, 
and execute permissions. Read, Write and execute permis 
sions are also provided for “World”. 

Access Modes: Subject may access object in only those 
mode(s) granted by object’s oWner. Each object is assigned 
read, Write, execute permissions for object’s oWner, oWner’s 
group(s), members of other groups alloWed by oWner, and all 
others (“World” permissions). 

The TSF enforces the folloWing series of rules to determine 
Whether a subject shouldbe granted discretionary access to an 
object: 

If subject oWns object, use speci?ed oWner permissions; if 
not, 

If subject has entry in system’s Access Control List, use 
those permissions; if not, 

If subject’s group is same as object’s group, use speci?ed 
group permissions; if not, 

If subject’s group exists in ACL, use group ACL permis 
sions; if not, 

Use speci?ed “World” permissions. 
Subtype Control 
Processes, devices, and ?le system objects are controlled 

by subtype in addition to the mandatory and discretionary 
controls. Subtypes are non-hierarchical. They can employed 
by trusted applications to separate applications (e. g., such as 
stages in a guard), even if those applications run With the same 
oWner and at the same mandatory level. 

Covert Channel Protection 
Systems that enforce a mandatory security policy may still 

alloW unintended signaling channels, or illicit information 
?oWs, that are counter to the mandatory security policy. Such 
signaling channels and illicit ?oWs are commonly knoWn as 
covert channels. By Way of example, Without intending to 
limit the present invention, a classic covert channel is created 
using the ?le system, such as by having a malicious process at 
a loW security level attempt to create a ?le. In such an 
example, if the ?le creation attempt is successful, that is 
deemed equivalent to a “l”, and Where the ?le creation 
attempt fails, that is deemed equivalent to a “0”. A high 
security process can control Whether the ?le creation attempt 
is successful by ?lling up the ?le system or portion thereof. 
Thus, a string of bits can be effectively communicated from 
the high security process to the loW security process by 
repeating this sequence over and over, With the high security 
process removing a ?le When it Wants the loW security pro 
cess’s creation attempt to succeed. Such a communications 
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12 
means can be highly effective, and can be used to circumvent 
mandatory security policies or the like. 

Covert channels are generally dif?cult to use, and loW 
assurance systems are not required to document or reduce 
them. HoWever, a preferred embodiment of the present inven 
tion is designed to be high assurance and to offer protection in 
highly hostile environments, therefore the present invention 
preferably incorporates mechanisms to reduce the number 
and capacity (i.e., speed) of covert channels, and potential 
covert channels are documented. Mechanisms employed in a 
preferred embodiment of the present invention Which help to 
protect against covert channel use include, but are not limited 
to, introducing timing delays and obscuring status values in 
situations Which might be used as a covert channel. 
HardWare 
A preferred embodiment of the present invention prefer 

ably leverages the signi?cant processing poWer and internal 
architecture of the Intel “Prestonia” XeonTM 2+GHZ CPUs to 
improve performance. FIG. 4 provides more detail on a pre 
ferred standard hardWare con?guration of the present inven 
tion, including hardWare peripherals Which the operating sys 
tem component of a preferred embodiment of the present 
invention Will support. 
A preferred embodiment of the present invention can be 

embodied in toWer case or rack mounted con?gurations, or in 
high density, TEMPEST, and Zone embodiments. Careful 
con?guration control and testing are applied to assure deliv 
ery of a consistent, reliable, and secure product. 

Applications 
Trusted applications on a previous embodiment of the 

present invention have signi?cantly aided in the maturation of 
multilevel security (MLS) to the point Where MLS systems 
are being deployed Widely in operational con?gurations at 
loW risk and With signi?cant payoff. Numerous certi?cation 
and accreditation efforts have been completed of noW-opera 
tional Trusted Applicationsiseveral developed by appli 
cantsithat use the previous embodiment as their high-assur 
ance platform. Many of these applications are Trusted Guards 
designed to alloW the strictly controlled sharing of informa 
tion among netWorks operating at different sensitivity levels 
(e.g., Classi?cations) and/or “needs-to-knoW” (categories or 
compartments). 
A preferred embodiment of the present invention can also 

be designed to be backWard compatible With these older 
trusted applications. HoWever, tWo “enabling technologies” 
for building Trusted Guard applications for present invention, 
the DataSync Guard and the Standard Automated Guard 
Environment (SAGE), have also been developed. 

With the operating system component of a preferred 
embodiment of the present invention, the development of 
Trusted Applications is much easier. Applications can be 
created entirely on “real” Linux systems, created entirely on 
an embodiment of the present invention implemented as a 
development system, or created partially on both. In any of 
these development environments, an entirely neW and richer 
set of rapidly evolving development tools are available to the 
programmer and designer. 

Guard-Enabling Technologies 
DataSync Guard 
The customizable DataSync GuardTM represents a neW 

generation of Trusted Guard application, the ?rst-ever TCP/ 
IP socket-based HighAssurance Guard. The DataSync Guard 
strictly enforces the security policies governing the connec 
tion-oriented transfer of data betWeen systems that reside on 
separate system-high netWorks at different classi?cation (or 
sensitivity) levels. The DataSync Guard achieves near-real 
time data transfers. Originally conceived to enable the reli 
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able synchronization of databases operating at different sen 
sitivity levels, the DataSync Guard is communications 
protocol independent, and can handle ASCII, HTML, XML, 
Well-formed binary and other data ?owing betWeen any tWo 
systems that can transfer their data over socket connections to 
the Guard. 
By replacing “store and forWar ” ?le transfer protocols 

With TCP/IP sockets as its data transfer mechanism, and 
performing most of its processing in RAM Which eliminates 
the need to Write to or read from disk or resynchronize the ?le 
system each time data are passed from one Guard subroutine 
to another, the DataSync Guard reduces the latency delay of 
transactions during data throughput. 

In a presently preferred embodiment, the DataSync Guard 
can support complex ?lter pro?les to mediate data transfers 
among databases on up to four different single-level system 
high netWorks. The DataSync Guard can ?lter ASCII and/or 
Well-formed binary data, checking both the correct format 
ting of the header of the database transaction, and performing 
security checks on the content of each data element. The 
DataSync Guard can implement multiple “if-then-else” 
actions and sophisticated dirty Word/ clean Word searches. 

Standard Automated Guard Environment 
The StandardAutomated Guard Environment (SAGETM) is 

a set of design concepts, interface de?nitions, executable 
code, and accreditation documentation. SAGE is a develop 
ment environment for building connectionless (store-and 
forWard) Trusted Guards, alternatively referred to as trusted 
gateWays. 
SAGE minimizes the coding required to implement 

Trusted Guards by providing the common elements (pro 
cesses, libraries, etc.) that most Guards require. SAGE eases 
certi?cation and accreditation of these Guards by minimizing 
the Guard’s TSSF. SAGE provides a Well-structured frame 
Work Within Which programmers can build Trusted Guard 
applications more quickly and easily than developing those 
applications “from scratch”. The general objective of a SAGE 
Guard is to securely, automatically, and ef?ciently alloW a 
restricted How of data betWeen tWo systems or netWorks With 
different security characteristics. While the security policy 
can be customized by the Guard developer, SAGE has been 
designed to accurately enforce that policy and to protect data 
from unauthorized disclosure or modi?cation While the data 
resides on a preferred embodiment of the present invention. 
SAGE has been developed in standard ANSI C and docu 

mentedusing trusted softWare principles to ease the burden of 
accreditation. Several SAGE guards have already been 
accredited, including guards for the United States Depart 
ment of Defense, the United States State Department, and the 
United States Air Force. 

While the invention has been described in detail and With 
reference to speci?c embodiments thereof, it Will be apparent 
to those skilled in the art that various changes and modi?ca 
tions can be made therein Without departing from the spirit 
and scope thereof. Thus, it is intended that the present inven 
tion cover the modi?cations and variations of this invention 
provided they come Within the scope of the appended claims 
and their equivalents. 

The invention claimed is: 
1. Computer program product stored on tangible computer 

readable media, the computer program product, When 
executed by a computer, providing: 

a trusted operating system, the trusted operating system 
causing the computer to enforce four separate policies in 
the computer Whenever any process attempts to access a 
?le system object accessible by the computer, the 
enforcing preventing at least one of an unauthorized user 
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and an unauthorized process from accessing the ?le 
system object, the policies comprising: 
a mandatory security policy; 
a mandatory integrity policy; 
a discretionary access control policy; and, 
a subtype policy. 

2. The computer program product of claim 1, Wherein: 
the discretionary access policy provides discretionary 

access information for a ?le system object, the discre 
tionary access information comprising read permis 
sions, Write permissions, and execute permissions; and, 

the enforcing further comprising preventing at least one of 
an unauthorized user and an unauthorized process from 
accessing the ?le system object according to the discre 
tionary access information. 

3. The computer program product of claim 1, Wherein: 
the subtype policy further comprising providing subtype 

information for a ?le system object; and, 
the enforcing further comprising preventing at least one of 

an unauthorized user and an unauthorized process from 

accessing the ?le system object according to the subtype 
information. 

4. The computer program product of claim 1, the trusted 
operating system further comprising covert channel protec 
tion, the covert channel protection preventing at least one of 
unintended signaling channels and illicit information ?oWs. 

5. The computer program product of claim 1, Wherein: 
the mandatory security policy provides at least one of a 

hierarchical security classi?cation and an independent 
security category for each ?le system object; and, 

the enforcing further comprising preventing at least one of 
an unauthorized user and an unauthorized process from 
reading from the ?le system objects according to at least 
one of the hierarchical security classi?cation and the 
independent security category for the accessed ?le sys 
tem object. 

6. The computer program product of claim 5, the hierar 
chical security classi?cation further comprising at least tWo 
security levels, each security level being authorized to access 
the security levels beloW it. 

7. The computer program product of claim 1, Wherein: 
the mandatory integrity policy provides at least one of a 

hierarchical security classi?cation and an independent 
security category for each ?le system object; and, 

the enforcing further comprising preventing at least one of 
an unauthorized user and an unauthorized process from 
Writing to the ?le system objects according to at least one 
of the hierarchical security classi?cation and the inde 
pendent security category for the accessed ?le system 
object. 

8. The computer program product of claim 7, the hierar 
chical security classi?cation further comprising at least tWo 
security levels, each security level being authorized to access 
the security levels beloW it. 

9. The computer program product of claim 1, Wherein the 
computer comprises at least one processor having a multi 
domain architecture to physically isolate domains in the at 
least one processor, and the trusted operating system utilizes 
the domains isolated by the multi-domain architecture of the 
at least one processor to enforce process isolation. 

10. The computer program product of claim 9, Wherein at 
least the mandatory security policy and the mandatory integ 
rity policy are enforced by a domain physically isolated from 
a domain providing operating system services or running 
untrusted processes. 
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11. Computer program product stored on tangible com 
puter readable media, the computer program product, When 
executed by a computer, providing: 

a trusted operating system, the trusted operating system 
causing the computer to enforce four separate policies in 
the computer Whenever any process attempts to access a 
?le system object accessible by the computer, the 
enforcing preventing at least one of an unauthorized user 
and an unauthorized process from accessing the ?le 
system object, the policies comprising: 
a mandatory security policy, Wherein the mandatory 

security policy provides at least one of a hierarchical 
security classi?cation and an independent security 
category for each ?le system object; and, the enforc 
ing further comprising preventing at least one of an 
unauthorized user and an unauthorized process from 
reading from the ?le system objects according to at 
least one of the hierarchical security classi?cation and 
the independent security category for the accessed ?le 
system object; 

a mandatory integrity policy, Wherein the mandatory 
integrity policy provides at least one of a hierarchical 
security classi?cation and an independent security 
category for each ?le system object; and, the enforc 
ing further comprising preventing at least one of an 
unauthorized user and an unauthorized process from 
Writing to the ?le system objects according to at least 
one of the hierarchical security classi?cation and the 
independent security category for the accessed ?le 
system object; 

a discretionary access control policy; and, 
a subtype policy. 

12. The computer program product of claim 11, the hier 
archical security classi?cation further comprising at least tWo 
security levels, each security level being authorized to access 
the security levels beloW it. 
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13. The computer program product of claim 11, Wherein: 
the discretionary access policy provides discretionary 

access information for a ?le system object, the discre 
tionary access information comprising read permis 
sions, Write permissions, and execute permissions; and, 

the enforcing further comprising preventing at least one of 
an unauthorized user and an unauthorized process from 

accessing the ?le system object according to the discre 
tionary access information. 

14. The computer program product of claim 11, Wherein: 
the subtype policy further comprising providing subtype 

information for a ?le system object; and, 
the enforcing further comprising preventing at least one of 

an unauthorized user and an unauthorized process from 

accessing the ?le system object according to the subtype 
information. 

15. The computer program product of claim 11, the trusted 
operating system further comprising coven channel protec 
tion, the covert channel protection preventing at least one of 
unintended signaling channels and illicit information ?oWs. 

16. The computer program product of claim 11, Wherein 
the computer comprises at least one processor having a multi 
domain architecture to physically isolate domains in the at 
least one processor, and the trusted operating system utilizes 
the domains isolated by the multi-domain architecture of the 
at least one processor to enforce process isolation. 

17. The computer program product of claim 16, Wherein at 
least the mandatory security policy and the mandatory integ 
rity policy are enforced by a domain physically isolated from 
a domain providing operating system services or running 
untrusted processes. 


